Background. Entrainment of ventricular tachycardia can either terminate or change the rate and/or morphology of ventricular tachycardia. The purpose of this study was to elucidate the underlying mechanisms by mapping of entrainment of ventricular tachycardia.
Background. Entrainment of ventricular tachycardia can either terminate or change the rate and/or morphology of ventricular tachycardia. The purpose of this study was to elucidate the underlying mechanisms by mapping of entrainment of ventricular tachycardia.
Methods and Resuls. In 10 Langendorff-perfused rings of anisotropic rabbit left ventricular epicardium created by a cryoprocedure, ventricular tachycardia with a cycle length of 167±17 milliseconds was induced by incremental pacing. During transient entrainment (10 stimuli), the circulating wave was extinguished by collision with the paced antidromic wave, whereas ventricular tachycardia was reset by the paced orthodromic wave. At shorter pacing intervals, the site of collision shifted deeper into the circuit. Entrainment at high rates (104±11 milliseconds) resulted in either termination (n=54), a change in morphology (n=8), or acceleration (n=6) of ventricular tachycardia. Termination of ventricular tachycardia was due to complete (84%) or partial (16%) block of the paced orthodromic wave. Partial block induced microreentry within the circuit, resulting in a reflected echo wave that terminated ventricular tachycardia. A change in morphology of ventricular tachycardia was due to reversion of the direction of propagation of the circulating wave around the obstacle. Acceleration of ventricular tachycardia was caused by double-wave reentry induced by block of the paced antidromic wave. In 28 cases, the sequence of activation during entrainment was not stable but changed from beat to beat due to varying arcs of conduction block. Block occurred predominantly (86%) during slow transverse propagation. Before termination, local oscillations in interval occurred, resulting in a shortening of the last local interval at the site of block by 10±6 milliseconds.
Conciuions. Termination of ventricular tachycardia by entrainment was due either to complete orthodromic block or to a reflected echo wave. A change in morphology occurred when the direction of the circulating wave reversed. Acceleration of ventricular tachycardia was due to initiation of double-wave reentry. All changes were preceded by conduction block during one or more stimuli at one or multiple sites in the circuit. Block occurred predominantly during slow transverse propagation and was preceded by local oscillations in interval at the site of block. (Circulation. 1993; 88[part 11:1852-1865.) KEY WORDs * tachycardia * myocardium * mapping P rogrammed electrical stimulation is an important tool for obtaining information about the mechanisms of ventricular tachycardia. The ability to initiate and terminate ventricular tachycardia by single or multiple premature stimuli is regarded as evidence that reentry is the most likely cause for this arrhythmia.1-3 In addition, Waldo et al4. 5 and Henthorn et a16 have provided four criteria for entrainment to demonstrate indirectly that an arrhythmia is due to reentry. However, Okumura et a17 and Brugada and Wellens8 have pointed out some limitations of using entrainment as a diagnostic tool.
Entrainment is also widely used in the treatment of ventricular tachycardia since it terminates ventricular tachycardia in about 60% of cases. However, proarrhythmic effects like acceleration or changes in morphology of ventricular tachycardia are not rare.9 A number of studies have provided direct evidence for the different mechanisms underlying these events.'0-14 Several investigations have shown that after myocardial infarction the reentrant circuit comprises an area of slow conduction '5-20 and that termination of ventricular tachycardia by entrainment is due to conduction block in the area of slow conduction. 10, 21, 22 To further elucidate the mechanisms involved in both termination of ventricular tachycardia or proarrhythmic effects of entrainment, we performed high-resolution mapping during entrainment of ventricular tachycardia in rings of anisotropic ventricular myocardium. tachycardia with a revolution time of 189 milliseconds (electrogram above). Local activation times are given in milliseconds, and isochrones are drawn at 10-millisecond intervals. The amplitude of the electrogram is given in millivolts. Crowding of isochrones between the LAD and the central obstacle indicates a segment ofslow conduction. Right, Map ofaverage local conduction velocities during clockwise ventricular tachycardia in eight different hearts. The two lines at the base and the LAD demarcate the segment of the ring where conduction velocity was less than 30 cm/s. Conduction velocities are given in cm/s. LAD indicates left anterior descending coronary artery. results show that depending on the pacing site and the site and incidence of conduction block, different activation patterns may lead to either termination, changes in morphology, or acceleration of ventricular tachycardia.
Methods Preparation
Ten Flemish Giant rabbits (3.5 to 4.0 kg) were used for this study. Animal preparation and handling were performed according to the guiding principles of the American Society of Physiology and approved by the Animal Investigation Committee of the University of Limburg. The rabbits were anesthetized with 0.5 mL/kg Hypnorm IM (10 mg/mL Fluanison, 0.2 mg/mL Phentanyl). After heparinization (1000 IU), the rabbits were killed by cervical dislocation, the heart was quickly removed, and the aorta was connected to a Langendorff perfusion system. The hearts were perfused by Tyrode's solution at 370C with a constant pressure of 60 mm Hg, resulting in a flow of 65±5 mL/min. The composition of the Tyrode's solution (in mmol/L) was as follows: NaHCO3 20.1, NaH2PO4 1.2, NaCl 130.0, KCl 4.0, CaCl2 2.2, MgCl2 0.6, and glucose 12.0. The Tyrode's solution was saturated by Carbogen (95% 02-5% C02), and pH was 7.35. Thin epicardial layers of anisotropic ventricular myocardium were obtained by a cryoprocedure, as described previously.11'2425 In brief, a cryoprobe was inserted in the right ventricular cavity and filled with liquid nitrogen (-1920C) until the total right ventricle was frozen. The probe was then inserted in the left ventricular cavity, the heart was immersed in a tissue bath with Tyrode's solution of 30WC, and the coronary flow was temporarily interrupted. The endocardial 80% of the left ventricle was then destroyed by filling the cannula with liquid nitrogen for 7 minutes. After this cryoprocedure, the flow was restored, and the heart was lifted from the tissue bath.
By this technique a thin, Langendorff-perfused, twodimensional sheet of anisotropic left ventricular subepicardium (thickness, 1.2±0.2 mm) was obtained showing normal conduction velocities and refractory periods.24 25 However, compared with the intact heart, in this twodimensional preparation impulse propagation transverse to the fiber orientation proceeded over a greater distance, because it was no longer bypassed by faster intramural longitudinal wave fronts. In the epicardial sheet of myocardium, a central obstacle (25 x 10 mm) was created parallel to the left anterior descending coronary artery (LAD) by an epicardial cryoprobe. 23 tachycardia, a fully excitable gap was present at each site in the circuit, the width being determined by the difference between the local refractory period and the cycle length of the ventricular tachycardia. Due to the variation in fiber direction around the ring, the conduction velocity varied in different segments of the circuit. 23 Close to the LAD, the fibers were parallel to the atrioventricular groove, whereas at the center of the free wall of the left ventricle, the fiber direction curved toward the apex.26 As a result, during ventricular tachycardia the circulating wave propagated fast (60±7 cm/s) parallel to the fiber orientation at the base and free wall, while in the corridor between the LAD and the central obstacle slow conduction (25±5 cm/s) occurred transverse to the fiber direction. At the apex, the relation between conduction velocity and fiber direction could not be reliably determined. 23 The large distance between subsequent isochrones in this area overestimates the true conduction velocity, because at the apex the interelectrode distances are seriously distorted due to the two-dimensional projection of the electrode array.
Recording A spoon-shaped mapping electrode, molded to the epicardial surface of the left ventricle, containing 248 silver electrodes (diameter, 0.3 mm; interelectrode spacing, 2.25 mm), was used to map the ventricular activation. After amplification and filtering (bandwidth, 1 to 400 Hz), the electrograms were multiplexed (sampling rate, 1 KHz) and AD converted (8 bits). An algorithm was used to automatically detect the intrinsic negative deflections in each electrogram and to generate color-coded activation maps. If necessary, interactive editing of the local activation times was performed manually. The details of the mapping system have been described elsewhere.27 Stimulation A computer-controlled biphasic stimulator (Medtronic SP3084) was used for bipolar stimulation at any pair of electrodes selected from the mapping electrode. Sustained monomorphic ventricular tachycardia was induced by incremental pacing. During ventricular tachycardia after every 10th beat single premature stimuli were applied at four times diastolic threshold to determine the effective refractory period (ERP) at eight different sites around the ring. An electrogram recorded adjacent to the pacing site was used to synchronize the stimulator. The coupling interval between the reference electrogram and the stimulus (V1-S) was shortened in steps of 2 milliseconds until the stimulus failed to initiate a propagated response. The ERP was defined as the longest V1-S interval that failed to capture the ventricle. After the experiment, the exact coupling interval at the site of pacing was interpolated from the V1-S intervals around the pacing site. Entrainment of ventricular tachycardia was studied by applying trains of 10 stimuli (four times diastolic threshold) with a fixed interstimulus interval after every 10th ventricular tachycardia beat. The first stimulus of the train did not always capture the ventricle since stimulation was started at random. However, in all cases at least 9 of the 10 stimuli captured the ventricle. In each heart, the effects of entrainment on ventricular tachycardia were tested at eight pacing sites evenly distributed around the ring. The cycle length of the train of stimuli was shortened in steps of 10 milliseconds until capture was lost (n= 12) or ventricular tachycardia was terminated (n=54), changed in morphology (n=8), or accelerated (n=6). Each entrainment interval was tested three times.
Statistical Analysis
Results were compared using paired Student's t test, ANOVA, and Bonferroni's t test when appropriate. Values of P<.05 were taken as statistically significant.
Results

Mapping of Transient Entrainment of Ventricular Tachycardia
In 10 experiments, the mean cycle length of electrically induced ventricular tachycardia was 167±17 milliseconds. The left panel in Fig 1 shows a clockwise ventricular tachycardia circulating around the central obstacle with a revolution time of 189 milliseconds. In the corridor between the LAD and the obstacle, crowding of isochrones occurred between 40 and 150 milliseconds. In this segment of the ring, the impulse traveled with a velocity of 19 cm/s, whereas conduction at the free wall of the left ventricle was as fast as 62 cm/s. In the right panel, the mean local conduction velocities of clockwise ventricular tachycardia in eight hearts are given. Slow conduction of less than 30 cm/s was consistently and exclusively found in the segment of the ring between the LAD and the central obstacle. Previously, it has been demonstrated that slow conduction in this corridor was due to impulse propagation transverse to the epicardial fiber orientation, whereas fast conduction occurred at the base and free wall where the impulse propagates parallel to the fiber orientation.23 During initiation of ventricular tachycardia by rapid pacing, unidirectional block predominantly occurred in the area of slow conduction. Thus, pacing at the base resulted in a clockwise ventricular tachycardia (n=7), whereas pacing at the free wall or the apex initiated a counterclockwise ventricular tachycardia (n=3). that in all cases ventricular tachycardia was transiently entrained and resumed its original rhythm after cessation of pacing. At each pacing interval, the stimulus initiated both an antidromic and an orthodromic wave. The antidromic wave collided with the clockwise ventricular tachycardia wave, whereas the orthodromic wave restarted ventricular tachycardia (continuous reset). During entrainment at different pacing intervals, the pattern of activation was similar. However, at shorter intervals the antidromic wave invaded a larger portion of the ring (10% at 170 milliseconds, 18% at 140 milliseconds, and 25% at 110 milliseconds), resulting in a shift of the site of collision further into the circuit.
From these maps the four indirect criteria for en-trainment4,5,6 can be derived. Constant fusion during entrainment at a given cycle length (first criterion) corresponds to a constant site of collision of the paced antidromic wave. The second criterion (progressive fusion at shorter pacing intervals) is due to the shift of the site of collision further away from the pacing site. The third criterion related to termination of ventricular tachycardia is discussed in the next section. The fourth criterion for entrainment (change in local electrogram morphology with a shorter stimulus to activation time at shorter pacing intervals) is illustrated in the electrograms at the top of Fig  2. During pacing at 170 and 140 milliseconds, the stimulated electrogram showed the same morphology as during ventricular tachycardia with a fixed and long stimulus to activation time (small arrows). At 110 milliseconds, suddenly the stimulus to activation time became much shorter, and the electrogram morphology was changed completely. The maps show that these changes were caused by a change from orthodromic to antidromic activation at the recording site (asterisk).
The lower maps of Fig 2 illustrate why these criteria for entrainment are not always fulfilled. Both activation maps show manifest entrainment of ventricular tachycardia at the 110-millisecond interval during pacing proximal and distal to the segment of slow conduction. At the proximal pacing site (left map), the antidromic wave invaded more than 25% of the circuit, whereas pacing distal to the area of slow conduction resulted in antidromic activation of only 8% of the ring (right panel). As a result, during pacing distal to the segment of slow conduction almost the entire heart remained activated by the orthodromic wave. It can be expected that in the surface ECG, this will lead to only a minimal amount of QRS fusion, resulting in concealed entrainment of ventricular tachycardia.7 Effects of Entrainment on Ventricular Tachycardia Table 1 gives a summary of the effects of entrainment on ventricular tachycardia (n= 10) during rapid pacing at eight different pacing sites. At 12 of 80 pacing sites in six hearts, entrainment at the shortest possible pacing interval did not affect ventricular tachycardia. At 54 pacing sites rapid pacing terminated ventricular tachycardia, whereas in 8 cases the morphology of ventricular tachycardia was changed. In 6 cases ventricular tachycardia was accelerated after entrainment.
Termination of Ventricular Tachycardia
At 54 pacing sites, entrainment at short pacing intervals terminated ventricular tachycardia (Table 1 ). In 45 of these cases termination was due to complete conduction block of the paced orthodromic wave front. The average interval at which block occurred was 104+11 milliseconds. Fig 3 gives an example of termination of a clockwise ventricular tachycardia with a cycle length of 168 milliseconds by entrainment at an interval of 120 milliseconds. During the first six stimuli, ventricular tachycardia was entrained, and the clockwise circulating wave collided with the paced antidromic wave (left panel). During the seventh stimulus (middle panel), the orthodromic wave was blocked 67 milliseconds after the stimulus was given, and the circulating wave was extinguished. During the next beats, the ring was activated by two tachycardia with a cycle length of168 milliseconds. The moment ofstimulation was taken as t=0. Activation times are given in milliseconds, and isochrones are drawn at 10-millisecond intervals. In the middle map, the recording sites of the electrograms shown at the bottom are indicated by encircled numbers. The small arrows in the electrograms indicate the local stimulus to activation time. The amplitude ofthe electrograms is given in millivolts. Conduction block is indicated by a double bar.
(See text for description.) entrainment (termination of ventricular tachycardia associated with conduction block to a site for one beat followed by a change in electrogram morphology and a shorter stimulus to activation time during the subsequent beat4). The maps show that this was due to a local change from orthodromic to antidromic activation after termination of ventricular tachycardia. During S6, electrodes 5 to 7 were activated by the paced orthodromic wave with a long stimulus to activation time and the same electrogram morphology as during ventricular tachycardia. After orthodromic conduction block during S7, during S8-S10 the same electrodes were activated by an antidromic wave with a shorter stimulus to activation time and a different electrogram morphology. Conduction block during S7 also occurred at electrogram 4, but during S8 this electrode remained activated by the paced orthodromic wave. Thus, the third criterion for entrainment was only found in a small segment of the ring (electrodes 5 through 7). However, it should be realized that when orthodromic block occurred during the last paced beat, ventricular tachycardia was terminated without demonstration of the third criterion for entrainment.
In a minority of cases (n=6), interruption of the circulating wave was not followed by collision but instead by bidirectional block of the two opposed paced wave fronts (Fig 4) . The left panel shows the normal activation pattern during entrainment of ventricular tachycardia. During S9, the paced orthodromic wave was blocked 98 milliseconds after the stimulus (middle panel). Since in this case the site of orthodromic block was far away from the pacing site, the antidromic wave of S10 arrived already 70 milliseconds after the stimulus and was blocked due to a short local S9-S10 interval (92 milliseconds). The orthodromic wave of S10 arrived only 40 milliseconds later at t=110 milliseconds and therefore was also blocked. This pattern of bidirectional block occurred when the orthodromic stimulus to activation time at the site of block was 98±15 milliseconds (n=6) compared with 37±26 milliseconds in all other cases (n=39) (P<.05).
In 9 of 54 cases in 5 hearts, termination of ventricular tachycardia was not due to complete orthodromic block of the circulating wave but resulted from reflection of the circulating wave in the ring (echo wave). An example is given in Fig 5, in which a clockwise ventricular tachycardia (cycle length, 189 milliseconds) was terminated by entrain-ment with an interval of 100 milliseconds. During the last stimulus (S10), the normal pattern of entrainment was still present (left panel). From the middle panel it can be seen that after 143 milliseconds, the last entrained orthodromic wave front was blocked in the corridor between the LAD and the obstacle. However, the arc of conduction block did not extend across the entire width of the ring allowing the orthodromic wave to continue. Due to slow conduction at the site of block, local reentry occurred, and the orthodromic wave was reflected in the ring as an echo wave. During the next beat (right panel), the counterclockwise echo wave collided with the ongoing clockwise orthodromic wave, thus terminating ventricular tachycardia. When such an echo wave occurred while pacing was continued, the antidromic echo wave collided with the next paced orthodromic wave, thereby also terminating reentrant ventricular tachycardia. Electrograms A through 0 in Fig  5 show the changes in local activation during echo wave termination. During S9 and S10, the normal pattern of entrainment was present. However, while the last entrained orthodromic wave reset the circuit, it was reflected at electrogram K. The resulting echo wave propagated in antidromic direction from electrodes K through F, where it collided with the on-going circulating wave, thus terminating ventricular tachycardia.
Change in Morphology of Ventricular Tachycardia
At 8 of 80 pacing sites in 6 hearts (Table 1) The upper left map shows that before entrainment ventricular tachycardia showed a clockwise activation pattern whereas after entrainment ventricular tachycardia was based on counterclockwise reentry (lower right map). The cycle length of the new ventricular tachycardia was exactly the same. During the first seven stimuli, the normal pattern of entrainment occurred. However, during S8 the orthodromic wave was blocked in the corridor between the LAD and the obstacle (upper right map), and ventricular tachycardia was terminated. The two opposed paced wave fronts initiated by the next stimulus (S9) collided in the ring (not shown). During S10 conduction block occurred again at the same site in the circuit (lower left map). As a consequence, the counterclockwise paced wave front now proceeded unopposed around the ring and reentered the site of block to initiate a counterclockwise ventricular tachycardia. In 6 cases of reversal of ventricular tachycardia by twice orthodromic block, the third criterion for entrainment was fulfilled because during the beat subsequent to termination of ventricular tachycardia, a part of the circuit changed from orthodromic to antidromic activation with a shorter conduction time. In 2 of the 8 cases of a change in morphology of ventricular tachycardia, termination of the original ventricular tachycardia was followed by reversal of ventricular tachycardia by an echo wave.
Acceleration of Ventricular Tachycardia
In 6 cases in 3 hearts (Table 1) , entrainment at 92+ 11 milliseconds resulted in acceleration of ventricular tachycardia from 179±14 to 102±10 milliseconds. Acceleration was due to two waves traveling around the circuit in the same direction (double-wave reentryll).
The second circulating wave was induced when during entrainment the paced antidromic wave was blocked, allowing the previous paced orthodromic wave to continue unopposed.
Multiple Events During Entrainment of
Ventricular Tachycardia
At 21 pacing sites, conduction block during entrainment occurred during more than one stimulus, either at the same or at a different site. In 9 of these 21 cases, twice orthodromic block at the same site resulted in reversal of ventricular tachycardia in all except 3 cases where bidirectional block prevented reinitiation. In 2 cases, orthodromic block was followed by an echo wave resulting in a sequence of termination and reversal of ventricular tachycardia. In 5 cases, block occurred three times at two different sites resulting in a sequence of termination, reinitiation, and termination of ventricular tachycardia.
In the remaining 5 cases of entrainment, different combinations of orthodromic block, antidromic block, and echo waves resulted in highly complex activation (11,) . (See text for description.) patterns during entrainment. Fig 7 shows an example in which during one train of stimuli a counterclockwise ventricular tachycardia with a cycle length of 149 milliseconds was subsequently terminated, reversed, and accelerated. During S1-S5, the normal pattern of entrainment occurred. During S6, ventricular tachycardia was terminated by orthodromic block followed by collision of the two opposing paced wave fronts during S7. During S8, block of the counterclockwise wave initiated a clockwise ventricular tachycardia, which was entrained during S9. Finally, double-wave reentry was induced during S10 due to block of the antidromic wave, followed by reentry by the orthodromic wave of S9. As can be seen in the electrogram at the top, in this case double-wave reentry was not sustained, and ventricular tachycardia terminated shortly after cessation of pacing. This sequence of events illustrates that block can occur at multiple sites during successive stimuli, resulting in a continuously changing activation pattern. Since ventricular activation after cessation of pacing completely depends on the activation pattern during the last stimulus, in this situation the type of ventricular tachycardia resulting from entrainment is largely determined by chance.
Role of Local Oscillations in Interval in Termination of Ventricular Tachycardia
In 35 cases of termination of ventricular tachycardia, the mechanisms underlying complete orthodromic conduction block were studied. Block occurred predominantly in the corridor between the LAD and the obstacle (n=28). In only 7 cases, the site of block was located at the base of the ventricle (Fig 8) . In 30 of 35 cases, conduction velocity during ventricular tachycardia at the site of block was less than 30 cm/s (25 ±5 cm/s), whereas only in 5 cases conduction was rapid (61±12 cm/s). Therefore, during entrainment, slow transverse conduction was more vulnerable to conduction block than fast longitudinal propagation. Spatial dispersion in refractoriness could not explain termination of ventricular tachycardia. In the majority of cases (n=24), the ERP distal to the site of block was equal to or shorter than the ERP proximal to the site of block (-7+7 milliseconds). Only in 11 of 35 cases block occurred when the impulse traveled toward an area with a longer refractory period (+ 15±9 milliseconds).
In all cases of orthodromic block by entrainment, local interval oscillations at the site of block preceded termination of ventricular tachycardia. On average, oscillations of 20±9 milliseconds were found. The last interval prior to conduction block was always shorter than the interstimulus interval (94±10 versus 104±11 milliseconds, P<.05). An example is given in Fig 9. The three electrograms at the top were recorded respectively close to the pacing site (nt) and proximal (asterisk) and distal (dot) to the site of block. Ventricular tachycardia with a cycle length of 168 milliseconds was entrained by a train of stimuli with an interval of 120 milliseconds. Since stimulation was started randomly, the first stimulus failed to capture the ventricle while the second stimulus resulted in an interval of 140 milliseconds. During all subsequent stimuli, a constant interval of 120 milliseconds was found at the pacing site (upper tracing). In the electrograms recorded both proximal and distal to the site of block, however, clear and progressive oscillations in interval occurred. Due to these oscillations, the last interval proximal to the site of block (double bar) was shortened to 113 milliseconds.
The maps at the bottom of Fig 9 show the segment of the circuit (between the LAD and the central obstacle) where orthodromic block occurred. The conduction times toward the proximal and distal electrodes increased from 64 and 78 milliseconds during S3 to 71 and 89 milliseconds during S4, resulting in a prolongation of the local intervals from 120 to 127 and 131 milliseconds, respectively. During S5, the conduction time was shorter, again resulting in a compensatory shortening in interval. This short interval induced a small line of block at the edge of the ring (thick line) that, however, did not terminate ventricular tachycardia. During the next stimuli, the same phenomena occurred as during S4 and S5, now resulting in further shortening in local interval to 113 milliseconds. This short interval resulted in complete conduction block across the entire width of the ring (double bar), and ventricular tachycardia was terminated.
Discussion
In previous studies, Waldo et al4'5 and Henthorn et a16 defined four criteria for entrainment of tachycardia to provide indirect evidence that the arrhythmia is based on reentry. These criteria are based on the concept that during transient entrainment of reentry the circuit is invaded in both orthodromic and antidromic direction. The first results in acceleration of ventricular tachycardia to the pacing rate, whereas the latter causes a change in QRS morphology in the surface ECG. The activation patterns during entrainment in the present study provide direct support for the validity of the four criteria for entrainment. Okumura et al7, 21 have shown that none of the four criteria were fulfilled during pacing distal to an area of slow conduction within a reentrant circuit. Our results may explain their finding by showing that if pacing was performed distal to an area of slow conduction, antidromic invasion of the circuit occurred only over a length of 8%. Thus, despite acceleration of ventricular tachycardia to the pacing S1 2 3 4 5 6 7 8 9 10 n = 3mV ACTIVATION MAPS FIG 9. Local oscillations in interval during entrainment of ventricular tachycardia leading to termination of ventricular tachycardia. The ventricular tachycardia had cycle length of 168 milliseconds and was entrained with an interval of 120 milliseconds. The three electrograms at the top show the local responses recorded next to the pacing site (n) and at a siteproximal (asterisk) and distal (dot) to the line of conduction block. The beat-to-beat intervals are given at each electrogram. The maps at the bottom show the segment of the circuit between the LAD and the central obstacle during S3-S7. The local activation times at the three recording sites are encircled and enlarged. The moment of stimulation was taken as t=0, activation times are given in milliseconds, and isochrones are drawn at 10-millisecond intervals. The amplitude ofthe electrograms is given in millivolts. Double bars indicate conduction block. (See text for description.) rate, the direction of activation of the majority of the ventricle remained the same resulting in concealed entrainment.
Only a limited number of studies have provided direct evidence for the mechanisms responsible for acceleration, change in morphology, or termination of ventricular tachycardia by entrainment. Acceleration of ventricular tachycardia can be due to either double-wave reentry,11'12 a change to another anatomic circuit,1228 or induction of functional reentry.10'11'14 The last two mechanisms may also be associated with a change in morphology of ventricular tachycardia. In the present study, we show that a change in morphology can also be due to reversion of the direction of propagation in the same circuit. A similar observation has recently been made by Dillon et a114 during entrainment of functional ventricular tachycardia induced 5 days after experimental myocardial infarction.
In the case of figure-eight reentry, termination of ventricular tachycardia by entrainment has been found to be caused either by gradual diminishment of the lines of functional block13 or by sudden block of the circulating wave in the central common pathway.10'13 In our study, complete orthodromic conduction block during entrainment was the most frequent mechanism for termination of ventricular tachycardia. This could be followed by either collision of the two paced wave fronts opposite to the site of pacing or by bidirectional block at the site of orthodromic block. Bidirectional block after termination of the circulating wave has also been observed during entrainment of atrial flutter. 29 In 9 of our 80 cases of entrainment, ventricular tachycardia was terminated by reflection of the circulating wave around an area of partial orthodromic block. The inducibility of such an echo wave depends both on the length of the line of block and the local wavelength of the impulse (conduction velocity multiplied by refractory period).30 In most cases the echo wave originated from the area of slow transverse conduction where the local wavelength is short, thus allowing microreentry around a small area of block. During termination of reentrant arrhythmias by drugs, reflection of an echo wave in the reentrant circuit may also play an important role. Spinelli and Hoffman31 have shown that termination of atrial flutter by d-sotalol could be due to reflection of the circulating impulse in the reentrant circuit. In the study of Brugada et a132 using the same model of ventricular tachycardia as in the present study, termination of ventricular tachycardia by various antiarrhythmic drugs in 43% of cases resulted from an echo wave. Role of an Area of Slow Conduction in Termination of Ventricular Tachycardia Many investigators'5-20 have provided evidence that during ventricular tachycardia an area of slow conduction is present within the reentrant circuit. Abnormal tissue properties in this area of slow propagation have been held responsible for termination of ventricular tachycardia. 10, 21, 22 In contrast, Waldecker et al13 recently reported that termination of functional ventricular tachycardia did not occur in the area of slow conduction. In our experiments, ventricular tachycardia was predominantly terminated by block in a segment of the circuit showing slow transverse conduction. Also, during initiation of ventricular tachycardia by rapid pacing conduction block occurred almost exclusively in the corridor between the LAD and the central obstacle.
Since the refractory period in the area of slow conduction was not significantly different from other parts of the ring, it seems unlikely that spatial dispersion in refractoriness was responsible for termination of ventricular tachycardia. Instead, preferential transverse rate-dependent conduction block appears to play a role.
Before termination of ventricular tachycardia by entrainment, clear oscillations in cycle length were observed at the site of block. These oscillations culminated in a very short last local interval that caused block of the circulating wave. In a model of atrial flutter, Frame et al33'34 observed that spontaneous termination of atrial flutter was also preceded by oscillations in interval. They showed that these interval oscillations induced concomitant changes in action potential duration and diastolic interval. Termination of atrial flutter was thought to be due to the combination of a locally prolonged refractory period followed by arrival of the next impulse with a shorter interval. In our experiments, similar oscillations in refractory period might have contributed to termination of ventricular tachycardia.
Clinical Implications
The substrate for clinical ventricular tachycardia after myocardial infarction is highly complex, exhibiting a high degree of heterogeneity due to scar formation and nonuniform anisotropy.17-19 Both macroreentrant path-ways19 and areas for small anisotropic circuits are available. [15] [16] [17] [18] In the clinical setting, it only rarely will be possible to obtain direct evidence of the precise effects of entrainment on ventricular tachycardia, since the reentrant circuit is not easily accessible to high-resolution mapping. The response of ventricular tachycardia to entrainment depends on the way the reentrant circuit is connected to the rest of the ventricles and on the position of the pacing site relative to the area of slow conduction.7,35,36 So far, only indirect criteria derived from single electrograms and the surface ECG have been used to characterize the events during a change of ventricular tachycardia by entrainment. 22, 27, 34 Our experimental model of ventricular tachycardia consisted of a ring of completely healthy myocardium exhibiting a normal degree of uniform anisotropy. Entrainment was always performed at a pacing site located within the reentrant circuit. Therefore, direct extrapolation of our findings to the clinical situation should be performed with caution. Nevertheless, the detailed mapping data obtained in our study may well serve as a basis to understand the various mechanisms involved in termination, changes in morphology, or acceleration of clinical ventricular tachycardias by entrainment.
